Particle Ratios from Central Pb+Pb Collisions at

the CERN SPS

M. Kaneta for the NA44 c ol lab or ation

I. G. Bearden

1

, H. B�ggild

1

, J. Boissev ain

2

, J. Do dd

3

, B. Erazmus

4

,

S. Esumi

5;A

, C. W. F ab jan

6

, D. F erenc

7

, D.E. Fields

2

, A. F ranz

6

,

J.J. Gaardh�je

1

, A.G. Hansen

1

, O. Hansen

1

, D. Hardtke

8

, H. v an Hecke

2

,

E.B. Holzer

9

, T.J. Humanic

8

, P . Hummel

9

, B.V. Jacak

2

, R. Jay anti

8

,

M. Kaneta

5

, M. Kopytine

2

, M. Leltchouk

3

, A. Ljubicic

7

, B. L�rstad

10

,

N. Maeda

5;B

, A. Medvedev

3

, M. Murray

11

, S. Nishimura

5;C

, H. Ohnishi

5

,

G. Paic

4;6

, S. U. Pandey

8

, F. Piuz

6

, J. Pluta

4

, V. Polyc hronakos

12

,

M. Potekhin

3

, G. Poulard

6

, D. Reichhold

8

, A. Sak aguchi

5;D

,

J. Simmon-Gillo

2

, J. Schmidt-S�rensen

10

, W. Sondheim

2

, M. Sp egel

9

,

T. Sugitate

5

, J. P

. Sullivan

2

, Y. Sumi

5

, W.J. Willis

3

, K. W olf

11

, N. Xu

2;E

and D.S. Zachary

8

1

Niels Bohr Institute, DK-2100 Cop enhagen, Denmark.

2

Los Alamos National Lab oratory

, Los Alamos, NM 87545 USA.

3

Department of Physics, Columbia University

, New Y ork, NY 10027, USA.

4

Nuclear Physics Lab oratory of Nantes, 44072 Nantes, F rance.

5

Department of Physics, Hiroshima University

, Kagamiyama 1-3-1, Higashi-Hiroshima

739, Japan,

6

CERN, CH-1211 Geneva 23, Switzerland.

7

Rudjer Boskovic Institute, Zagreb, Croatia.

8

Department of Physics, Ohio State University

, Columbus, OH 43210, USA.

9

T echnical University

, A-1040, Vienna, Austria.

10

Department of Physics, University of Lund, S-22362 Lund, Sweden.

11

T exas A&M University

, College Station, TX 77843, USA.

12

Bro okhaven National Lab oratory

, Upton, NY 11973, USA.

Present addr ess:

A

Universit� at Heidelb erg, Physik alisches Institut, 69120 Heidelb erg, Germany .

B

Department of Physics, Florida State University , T allahassee, FL 32306-3016, USA.

C

Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan.

D

Department of Physics, Osaka University , T oyonak a, Osaka 560, Japan.

E

Lawrence Berkeley National Lab oratory

, Berkeley

, CA 94720, USA.

Abstract.

In this rep ort, we will address the physics of K

�

=K

+

and � p=p ratios measured in

158 A�GeV Pb+Pb collisions, as a function of centrality and transverse momentum.

W e observe little signi�cant centrality dep endence in neither K

�

=K

+

nor � p=p ratios

and they are almost constant as a function of P

t

. In addition to the chemical freeze-

out temp erature T

ch

, we extract the chemical p otentials for b oth light and strange

quarks (�

q

; �

s

) by comparing the present data with simple mo del predictions. The

T

ch is greater than thermal freeze-out temp erature which is extracted from transverse

momentum distribution of charged hadrons.

Short title:

September 30, 1997

1. Intro duction

The physics goal of studying the ultra-relativistic heavy ion collisions is to understand

the fundamental prop erties of matter under extreme conditions, i.e. high particle and

energy densities. Particle ratios yields are useful source of information in studying the

mechanism of particle pro duction. In particular, one can study the details of chemical

equilibrium in the collisions. F urthermore, the study is exp ected to b e imp ortant in the

search for the new form of matter: quark-gluon plasma.

A study of particle ratios will address the physics of particle pro duction mechanism

in high energy heavy ion collisions. In these collisions, one may exp ect that the b eam

energy is converted to particle creation and sidewards motion by many inelastic parton-

parton collisions. The energy of b eam makes the nucleus violent collisions. The state

is in high temp erature and/or high pressure. Hadronization o ccurs and hadrons collide

with each other. Thus, there are particle creation and absorption. Howev er, it is

not sure whether the system is in chemical equilibrium or not. W e can chec k the

chemical equilibrium assumption by comparing particle ratios with mo del predictions.

Later, particle creation and absorption stop and the system changes to random motion

(thermal equilibrium). When the system b ecomes so big that the hadrons is free

particle, the hadrons go out (thermal freeze-out). In SPS and AGS exp eriments, the

transverse mass (m

T

= q

P

2

T

+ m

2

) distributions of hadrons suggest that there is lo cal

thermal equilibrium state and some indications of the transverse ow. The observed m

T

distributions asso ciated with the transverse ow picture give us the thermal freeze-out

temp erature T

f o and averaged transverse ow velocity hv

T i.

W e will show K

�

=K

+

and � p=p ratios as a function of centralit y and transverse

momentum from the NA44 exp eriment in central Pb+Pb collisions. The ratios will b e

compared with a simple mo del prediction of strange neutral hadron gas. The mo del

predictions give us the value of chemical p otential for light quark and strange quark

(�

q

; �

s

) and chemical equilibrium temp erature T

ch

. The v alue of obtained T

ch is greater

than T

f o

.

2. NA44 exp eriment

The NA44 fo cusing sp ectrometer is designed to measure particle momentum distribution

of charged hadrons around mid rapidity .

Fig. 1 is a schematic view of the NA44 fo cusing sp ectrometer. A Cherenkov b eam

counter (CX) provides the time of ight (TOF) start time. with a resolution of ab out

30ps [1], the total TOF resolution is less than 100ps. Particle identi�cation is done

by TOF and tw o di�erent threshold Cherenkov counter; momentum resolution � p=p is

ab out 0.5% and the centralit y is measured by the multiplicit y counter b ehind the target.

Details ab out the sp ectrometer may b e shown in [2, 3, 4].

3. Particle ratios and discussion

3.1. L amb da dec ay e�e ct to proton ratios

In NA44 the charged hadrons are identi�ed and their momentum measured � 20m

downstream from target. Thus, we have to estimate feed-down from �, � on the

� p=p ratio. W e can not ignore these decayed particle e�ect. RQMD (ver 1.02) shows

�=p � 0:4 around mid-rapidity in central Pb+Pb collisions.

W e estimate the feed-down e�ect to � p=p by parametrised particle distribution and

a Monte Carlo simulation. The input of these simulation are parametrised dN =dy

distributions and m

t slop es. dN =dy distributions for �,

�

�, p and � p are taken from

RQMD. Whereas the m

t slop e parameters are from exp erimental result [5, 4].

The correction factor for measured proton distribution is given as a function of P

T

and rapidity by:

C

p

(P

T

; y ) =

N

p

or ig

(P

T

; y )

N

p

or ig

(P

T

; y ) + N

p

�

(P

T

; y )

(1)

where N

p

or ig is the number of proton from source (target) and N

p

� is the number of

proton from Lambda decays. W e can get ’pure proton’ distribution by applying that

factor to the measured proton distribution. The correction factor for anitiproton is

given by the same metho d. T o estimate the systematic error, we changed the absolute

v alue of dN =dy for �,

�

�, p and � p (�30%), resp ectively

. The correction factor found to

b e ab out 0.9�0.1 and indep endent of P

T

(See Fig. 2). The error is dominated by the

systematic error and not by the errors of m

T slop e.

3.2. K

�

=K

+

and � p=p ratio as a function of P

T and c entr ality

The NA44 exp eriment measures charged kaons and protons around mid-rapidity (y

lab

�

3). The even t centrality �

tr ig

=�

g eom is determined by a multiplicity counter b ehind

target. W e select three region; the most central 3.5%, further 3.5-6.0% and 6.0-8.5%.

Fig. 3 shows K

�

=K

+

and � p=p ratios as a function of centrality and P

T

. The top and

b ottom three �gures are K

�

=K

+

and � p=p ratios as a function of P

T for each centralit y

region. The band in the �gures indicates particle ratios in the acceptance. The � p=p ratio

in Fig. 3 do es not include Lambda decay correction. As we discussed in the previous

subsection, the Lambda decay do es not a�ect to the P

T dep endence. The general trend

of these ratios is also almost constant as a function of P

T

. W e observe little centrality

dep endence in b oth K

�

=K

+

and � p=p ratios in the top 8.5% of the total geometrical

cross section.

3.3. Str angeness neutr al hadr on gas model

Thermo dynamics provides us chemical p otential and chemical equilibrium temp erature

as physical v ariable to describ e a system in chemical equilibrium. Chemical equilibrium

state in heavy ion collisions is discussed in many pap er, for example [6]-[17]. W e

introduce a simple mo del in this subsection, taken from Ref.[15].

If one assumes chemical equilibrium, the strangeness partition function of hadron

gas is given by:

ln Z

H G

s

=

V

h

T

3

2�

2 h

(�

s

�

�1

q

+ �

�1

s

�

q

)

s

F

K

+ (�

s

�

2

q

+ �

�1

s

�

�2

q

)

s

F

Y

+ (�

2

s

�

q

+ �

�2

s

�

�1

q

)

2

s

F

�

+ (�

3

s

+ �

�3

s

)

3

s

F i

(2)

where

s is the strangeness saturation factor and �

a is the fugasity of a quark (a = q :

light quark, s : strange quark)

�

a

= exp (�

a

=T ) (3)

�

a is the chemical p otential of a quark and T is the chemical equilibrium temp erature.

The phase space factor F is given by

F

A

=

X

j g

A

j

(m

A

j

=T )

2

K

2

(m

A

j

=T ) (4)

where g is spin-isospin degeneracy factor and K

2 is the mo di�ed Bessel function. The

su�x of F are k aon:K , hyperon:Y , cascade:� and omega: .

The su�x j means particles including higher resonance;

K

j

= K ; K

�

; ::::m � 1780M eV

Y

j

= �; �; ::::m � 1940M eV

�

j

= �; �(1530); ::::m � 1950M eV

j

= ; (2250)

W e can take one condition for Eq. 2. The total strangeness should b e zero in the

hadron gas b ecause of strangeness conserv ation in the collisions.

hsi � h � si = �

s

@

@ �

s ln Z

H G

S

= 0 (5)

This equation gives us �

s as a function of �

q for di�erent T (See Fig. 4). W e take

s

= 1

(full strangeness equilibration) to calculate the p otentials and the temp erature.

K

�

=K

+

and � p=p ratios are describ ed by �

q

, �

s and T .

K

�

=K

+

= exp(�2(�

q

� �

s

)=T ) (6)

� p=p = exp(�6�

q

=T ) (7)

These expressions relate (�

q

, �

s

) to (K

�

=K

+

, � p=p) for di�erent temp erature.

3.4. c omp arison with mo del pr e dictions

Fig. 5 shows K

�

=K

+

vs. � p=p. The lines are mo del predictions of k aons and protons

ratios for di�erent temp erature (150 to 200 MeV with 10 MeV step). The solid circle

is from central Pb+Pb collisions from NA44. The op en circle is NA52 minimum bias

data around mid rapidity from Ref.[18].

The correction for Lamb da decays for protons ratio is done for only NA44 data; the

NA52 p oint may shift to smaller v alues, if a Lambda decay correction is considered.

The ratios is decreasing with increasing centrality

, it is compatible with mo del

predictions if chemical temp erature is indep endent of the centralit y . The chemical

equilibrium temp erature (T

ch

) for NA44 data is found to b e b etween 170 MeV and

180 MeV.

W e calculate the chemical p otentials for b oth p oint in case of T

ch

= 175 MeV.

�

q

= 81 � 3 MeV, �

s

= 30 � 4 MeV in Pb+Pb central collisions and �

q

= 64 � 2 MeV,

�

s

= 22 � 7 MeV for minimum bias data.

3.5. Thermal fre eze-out temp er atur e

It is well known that the m

T distributions of hadrons in nuclear collisions show

Boltzmann distribution:

1

m

T dN

dm

T

= A exp

�

�m

T

T

�

(8)

where A is a arbitrary constant and T is slop e parameter. If the system is in thermal

equilibration state, T is indep endent of hadron mass. In p+p collisions, the T for charged

pions, k aons and protons seem the same [19]. On the the hand, the T is increasing with

hadron mass in S+S and Pb+Pb collisions. (See [20]). The trend of T in heavy ion

collisions is discussed in [20]. The slop e parameter T and particle mass m may b e

describ ed by the relation ship: T = T

f o

+ mhv

T i

2

, where T

f o is thermal freeze-out

temp erature and hv

T i is av eraged transverse ow velocity

. Roughly sp eaking, T

f o shows

thermal energy and mhv

T i

2

shows kinetic energy of collective transverse ow. In the

Ref. [20], the collision systems dep endence of freeze-out temp erature is discussed for

p+p ( p

s � 23 GeV), S+S ( p

s � 19:4 A�GeV) and Pb+Pb ( p

s � 17:2 A�GeV). The

freeze-out temp erature is indep endent of the collision system in the CERN energy region

and seems to saturate at T

f o

= 140 � 10 MeV. It is low er than chemical equilibrium

temp erature, since the system has expanded

4. Summary

W e rep ort K

�

=K

+

and � p=p ratios as a function of P

T and centralit y from Pb+Pb central

collisions. Kaons and protons ratios are almost constant as a function of P

T

. W e observe little centralit y dep endence in either kaons and protons ratios. Assuming the system is

in chemical equilibrium, the chemical equilibrium temp erature is fond to b e T

ch

� 175

MeV for Pb+Pb. F rom K

�

=K

+

and � p=p ratios, the chemical p otential of light and

strange quark was calculated to b e: �

q

� 80 MeV and �

s

� 30 MeV, resp ectively

. The

chemical equilibrium temp erature is greater than the freeze-out temp erature.

Acknowledgmen ts

NA44 collab oration thanks the sta� of the CERN PS-SPS accelerator complex for their

excellent work. W e are grateful to the technical sta� at CERN and the collab orating

institutes for their valuable contribution. W e also wish to thank for the supp ort given

by the Austrian F onds zur F� orderung der Wissenschaftlichen F orsc hung; the Science

Research Council of Denmark; the Japanese So ciety for the Promotion of Science; the

Ministry of Education, Science and Culture, Japan; the Science Research Council of

Sweden; the National Science F oundation, the US Department of Energy

, and the W.B.

Keck F oundation.

References

[1] N. Maeda et al , Nucl. Instr. and Meth. A346, 132 (1994).

[2] H. Beker et al (NA44 collab oration), Phys. Lett. B302, 510 (1993).

[3] A. F ranz for the NA44 collab oration (Quark Matter ’96), Nucl. Phys. A610, 240c (1996).

[4] N. Xu for the NA44 collab oration (Quark Matter ’96), Nucl. Phys. A610, 175c (1996).

[5] P

.G. Jones and the NA49 Collab oration, Nucl. Phys. A610, 188c (1996).

[6] J. Rafelski, Phys. Lett. B190, 167 (1987).

[7] J.Cleymans and H. Satz, Z. Phys. C57, 135 (1993).

[8] J. Letessier, J. Rafelski, A. T ounsi, Phys. Lett. B328, 499 (1994).

[9] J. Rafelski and M. Danos, Phys. R ev. C50, 1684 (1994).

[10] J. Sollfrank, M. Ga� zdzicki, U. Heinz, J. Rafelski, Z. Phys. C61, 658 (1994).

[11] A. Leonidov et al , Phys. Rev. D50, 4657 (1994).

[12] P

.Braun-Munzinger, J. Stachel, J.P . W essels, N. Xu, Phys. Lett. B344, 43 (1995).

[13] M.N. Asprouli and A.D. Panagiotou, Phys. R ev. C51, 1444 (1995).

[14] M.N. Asprouli and A.D. Panagiotou, Phys. R ev. D51, 1086 (1995).

[15] J. Letessier et al , Phys. Rev. D51, 3408 (1995).

[16] A.D. Panagiotou, G. Mavromanolakis and J. Tzoulis, Phys. Rev. C53, 1353 (1996).

[17] P

.Braun-Munzinger, J. Stachel, J.P . W essels, N. Xu, Phys. Lett. B365, 1 (1996).

[18] R. Klingenberg for NA52 collab oration (Quark Matter ’96), Nucl. Phys. A610, 306c (1996).

[19] B.Alp er et al , Nucl. Phys. B100, 237 (1975) and K. Guettler et al , Nucl. Phys. B116, 77 (1976).

[20] I.G. Bearden et al , Phys. Rev. Lett. 78, 2080 (1996).

List of captions for illustrations

Fig. 1 Schematic view of the NA44 fo cusing sp ectrometer.

Fig. 2 Correction factor for � p=p as a function of P

T

.

Fig. 3 K

�

=K

+

and � p=p ratios as a function of centrality and P

T

. Horizontal lines show

the mean ratio.

Fig. 4 Correlation among �

s

, �

q and T in strangeness neutral hadron gas. This

correlation is a result of numerical calculation.

Fig. 5 Comparison with mo del predictions. The lines indicate k aon ratio as a function

of proton ratios for di�erent temp erature (150 to 200 MeV with 10 MeV step).

Figure 1. Schematic view of the NA44 fo cusing sp ectrometer.

Figure 2. Correction factor for � p=p as a function of P

T

.

10

Figure 3. K

�

=K

+

and � p=p ratios as a function of centrality and P

T

. Horizontal lines

show the mean ratio.

11

Figure 4. Correlation among �

s

, �

q and T in strangeness neutral hadron gas. This

correlation is a result of numerical calculation.

12

Figure 5. Comparison with mo del predictions. The lines indicate kaon ratio as a

function of proton ratios for di�erent temp erature (150 to 200 MeV with 10 MeV

step).